Hypertrophied myocardium is associated with reductions in the transient outward K ϩ current (Ito) and expression of pore-forming Kv4.2/4.3 and auxiliary KChIP2 subunits. Here we show that KChIP2 mRNA and protein levels are dramatically decreased to 10% to 30% of control levels in the left ventricle of aorta-constricted rats in vivo and phenylephrine (PE)-treated myocytes in vitro. PE also markedly decreases Ito density. Inhibition of protein kinase Cs (PKCs) does not affect the PE-induced reduction in KChIP2 mRNA level, whereas activation of PKC with phorbol ester (phorbol myristate [PMA]) causes a marked reduction in KChIP2 mRNA level. Pharmacological inhibition of MEKs or overexpression of a dominant-negative MEK1 increases the basal KChIP2 mRNA expression and blocks the PMA-induced decrease in auxiliary subunit mRNA level. In addition, a constitutively active MEK1 decreases the basal KChIP2 mRNA level, and PMA causes no further reduction in auxiliary subunit mRNA level in active MEK1-expressing cells. Furthermore, pharmacological inhibition of JNKs or overexpression of a dominant-negative JNK1 prevents the PE-induced, but not PMA-induced, reduction in KChIP2 mRNA expression. These results suggest that downregulation of KChIP2 expression significantly contributes to the hypertrophy-associated reduction in Ito density. They also indicate that the expression of KChIP2 mRNA is controlled by the 2 branches of mitogen-activated protein kinase pathways: JNKs play a predominant role in mediating the PE-induced reduction, whereas the MEK-ERK pathway influences the basal expression and mediates the PKC-mediated downregulation. (Circ Res. 2006;98:386-393.) 
C ardiac hypertrophy develops as a biological compensatory change in response to increased workload. However, sustained hypertrophy is a major risk factor for cardiac morbidity and mortality. 1, 2 One of the commonly observed changes in hypertrophied myocardium is a reduction in transient outward K ϩ current (Ito). 3 Although it remains uncertain whether and how this reduction contributes to the increased cardiac dysfunction and sudden death seen with patients with hypertrophy, recent studies suggest that a marked reduction in Ito can be detrimental. For example, Ito is differentially expressed in distinct parts of the heart. 4 -11 Elimination of this differential expression may result in electrical instability by diminishing regional differences in action potential. 12 Likewise, decreased Ito can facilitate the development of cardiac hypertrophy by prolonging action potential duration and a window for Ca 2ϩ entry. 13, 14 Thus, an uncontrolled decline in Ito channel expression may directly or indirectly participate in the induction of hypertrophy-associated pathological changes of the heart.
Although Kv1.4-containing Kv1-family channels contribute to cardiac Ito, a large portion of the current is attributable to channels in the Kv4 family. 15 These channels are multimeric complexes composed of pore-forming Kv4.2 and/or Kv4.3 16 -19 and auxiliary KChIP2 subunits. 20 Many studies have shown that the expression of Kv4.2 and/or Kv4.3 subunits is reduced in hypertrophied myocardium. 3, 21 Our previous work indicates that transcriptional and posttranscriptional mechanisms are involved in the reduced pore-forming subunit expression. 22 In contrast, little is known about the mechanisms controlling KChIP2 expression. Because deletion of KChIP2 gene leads to the loss of cardiac Ito, 12 decreased expression of the auxiliary subunit may significantly contribute to hypertrophyassociated reduction in Ito.
Hence, we examined the contribution of decreased KChIP2 expression in hypertrophy-associated reduction in Ito. Using drugs and adenovirus-mediated expression, we also analyzed signaling mechanisms that regulate cardiac KChIP2 gene expression. In this article, we show that hypertrophy-inducing stimuli markedly reduce the expression of KChIP2 mRNA and protein in vivo and in vitro. This reduction in KChIP2 expression appears to be mediated mainly by the activation of JNKs, whereas MEKs influence its basal expression.
Materials and Methods

Animals and Neonatal Myocyte Culture
Abdominal aortic constriction or sham operation was performed on male Sprague-Dawley rats (11 to 12 weeks old). Two weeks after surgery, rats were euthanized and left ventricular free walls were obtained.
Neonatal cardiac myocytes were prepared from ventricular tissues of 1-day-old Sprague-Dawley rat pups by trypsinization, as described previously. 22 Treatment with phenylephrine (PE) and/or other drugs was initiated on the third day after myocyte preparation, except that cells were maintained for 1additional day for experiments with virus infection.
Adenoviruses
Nucleotide substitutions were introduced in mouse MEK1 and JNK1 cDNAs using a 2-primer-based mutagenesis: constitutively active MEK1, MEK1S218,222E 23 ; dominant-negative MEK1, MEK1K97M 24 ; dominant-negative JNK1, JNK1 T183AY185F (JNK1APF). 25 Adenoviruses carrying each of these constructs were generated with pShuttle-IRES-hrGFP-1 using a commercially available kit (Adeasy, Stratagene, La Jolla, Calif). These viruses express green fluorescent protein (GFP) and molecularly altered mitogen-activated protein (MAP) kinase as a single mRNA species in a cytomegalovirus promoter-driven manner.
Infection was performed at 1ϫ10 9 total virus particles/mL in serum-free medium for 2 hours. Infected cells were cultured overnight in 5% calf serum-containing medium to enhance the expression of the virus-embedded gene, before experimental treatment. Fluorescent microscopy indicated that more than 85% cells were GFP positive under these conditions.
RNA Measurement
RNA was extracted from the left ventricular free walls and cultured myocytes using a guanidium thiocyanate-based method following the instructions of the manufacturer (RNeasy, Qiagen, Valencia, Calif). Kv4 and KChIP2 subunit mRNA levels were determined by RNase protection and real-time PCR, respectively, according to the previously described methods. 26, 27 For the latter analysis, we used primers corresponding to the C-terminal portion of KChIP2 cDNA that was commonly present in all splicing variants. 26 We also used standard RT-PCR for detection and quantitation of KChIP2 splicing variants. 28 In using this method, we tested for the linearity of signals using various PCR cycles and amounts of template cDNA. PCR products were separated on a 2% agarose or 4% polyacrylamide gel and visualized by ethidium bromide staining. Stained gel images were captured, and band intensities were analyzed using a chargecoupled device camera-based system (BioChem II, UVP, Upland, Calif).
Immunoblot Analysis
A post-nuclear membrane fraction was prepared by homogenization of ventricular tissues, followed by differential centrifugation. 29 The obtained membrane fraction was rehomogenized in Tritoncontaining lysis buffer (20 mmol/L Tris-HCl [pH 7.5], 0.2 mol/L NaCl, 1 mmol/L EDTA, and 1% Triton X-100) supplemented with protease inhibitors at Ϸ10 mg protein/mL using a Teflon-pestle homogenizer. Triton extract was then obtained by centrifugation at 100 000g for 30 minutes. Transfected HEK293 cells or cultured myocytes were collected with ice-cold PBS. Triton extract was prepared by suspending the cell pellet in the lysis buffer, followed by centrifugation at 10 000g for 10 minutes. Immunoblot analysis was performed following the separation of samples on an SDS gel. 30 Immunoreactive KChIP2 proteins were detected with rabbit polyclonal antibody previously produced in our laboratory 26 or monoclonal antibody 31 supplied by Dr James Trimmer (University of California at Davis). The 2 antibodies provided indistinguishable patterns on immunoblots. Anti-Kv4.2 and -Kv4.3 antibodies were obtained from a commercial source (Alomone, Jerusalem, Israel). The blots for KChIP2 and Kv4.x were stripped and reprobed with anti-GAPDH (Novus Biologicals, Littleton, Colo). Immunoreactivity of channel subunits was determined using GAPDH level as a control.
Patch-Clamp Recording
Whole-cell voltage-clamp recording was performed on cultured neonatal myocytes with an Axopatch-1D patch-clamp amplifier, and data were acquired and analyzed by pClamp software. Patch pipettes were filled with a solution containing (in mmol/L): 135 KCl, 1 MgCl 2 , 10 EGTA, 5 glucose, and 10 HEPES (pH 7.3). The bath solution was (in mmol/L): 135 NaCl, 5 KCl, 2 MgCl 2 , 1 CaCl 2 , 5 CoCl 2 , 10 glucose, 0.02 tetrodotoxin, and 10 HEPES (pH 7.4). Leak currents were subtracted by a P/4 pulse protocol and the series resistance was compensated by 60% to 80%. Cell membrane capacitances were obtained by reading the value for whole-cell input capacitance neutralization directly from the amplifier.
Data Analysis
The mRNA and protein levels were normalized to the mean of control data in each set of experiments. Comparison between two groups with variances was performed by 2-tailed Student t test, whereas multiple comparisons were done by the layered Bonferroni test. Statistical analysis for data without variance was done by the Wilcoxon signed-rank test. Results are presented as the meanϮSEM.
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results
Hypertrophy-Inducing Stimuli Markedly Reduce KChIP2 Expression
We first used abdominal aortic ligation to test for hypertrophy-associated changes in KChIP2 expression. The expression of KChIP2 mRNA in the left ventricular free wall was markedly reduced to 23.7Ϯ7.9% of the control shamoperated animal level (nϭ6 for each group; Figure 1A ). Aortic constriction similarly decreased all three KChIP2 splicing variants. 28 To detect KChIP2 proteins, we used polyclonal and monoclonal anti-KChIP2 antibodies. 26, 31 These antibodies specifically reacted with all three KChIP2 splicing variants ( Figure 1C with monoclonal antibody and data with polyclonal antibody not shown). Rat brains contained immunoreactive KChIP2 proteins with distinct sizes: a doublet at Ϸ30 KDa and a band at Ϸ25 KDa ( Figure 1C ). KChIP2 proteins with distinct sizes were also seen in cardiac tissues of other species. 32, 33 The positions of the larger doublet and smaller band corresponded to those obtained with KChIP2a/2b-and KChIP2c-transfected HEK293 cells, respectively. In rat cardiac tissue, the smaller immunoreactive KChIP2 protein at Ϸ25 KDa was abundant, whereas very faint larger proteins were seen. Given the abundant expression of KChIP2c mRNA in rat heart, it is likely that the Ϸ25-KDa immunoreactive protein represents KChIP2c. The very low levels of KChIP2a/2b proteins detected under our experimental conditions might be, in part, attributable to the insolubility of these proteins. Importantly, aortic constriction significantly reduced the Ϸ25-KDa immunoreactive protein to 26.4Ϯ4.5% of sham-operated animal level (nϭ6 for each group; Figure 1C and 1D). In contrast to the dramatic reduction in KChIP2 expression, moderate reductions in the levels of Kv4.2 and Kv4.3 mRNAs and proteins (25% to 50%) were obtained ( Figure 1B through 1D ). Thus, aortic constriction leads to marked reductions in KChIP2 mRNA and protein levels.
To further examine the relationship between KChIP2 level and functional channel expression, we used cultured neonatal ventricular myocytes. Recent studies have shown that treatment of these cells with PE, a robust inducer of hypertrophy, reduces Ito density. 13, 14 PE appeared to cause a marked decrease in KChIP2 mRNA expression: the level of auxiliary subunit message in cells treated with PE for 48 hours was 18.9Ϯ3.7% of that in control vehicle-treated cells (nՆ6 for each group; Figure 2A through 2C). Again, the drug similarly reduced expression of the 3 KChIP2 splicing variants. The reduction in auxiliary subunit mRNAs occurred rapidly with concentrations of PE that were consistent with its action via ␣ 1 -adrenergic receptors. Immunoblot analysis revealed that PE treatment for 48 hours caused a marked decrease in auxiliary subunit proteins to 17.9Ϯ4.4% of control level (nϭ6 for each group; Figure 2D and 2E). In contrast, only moderate decreases in Kv4.2 and 4.3 mRNA and protein levels (20% to 35%) were detected ( Figure 2C through 2E ). Finally, PE treatment for 48 hours significantly reduced Ito density: current density at ϩ40 mV was 4.7Ϯ1.9 (nϭ11) and 19.8Ϯ5.8 (nϭ13) pA/pF in PE-and vehicle-treated cells, respectively ( Figure 2F ). No apparent changes in activation or inactivation kinetics were found. Thus, PE markedly decreases KChIP2 level and Ito density in neonatal myocytes. These findings suggest that the reduced availability of KChIP2 subunits limits formation of fully assembled functional channel complexes in PE-treated cells.
MEKs Are Involved in Basal and Protein Kinase C-Regulated KChIP2 mRNA Expression
To identify signaling mechanisms underlying the PE-induced decrease in KChIP2 mRNA expression, we used various inhibitors for kinases and phosphatases. Inhibitors of protein kinase Cs (1 mol/L bisindoylmaleimide), tyrosine kinases (5 mol/L genestein), Ca 2ϩ -calmodulin-dependent kinases (1 mol/L KN93), calcineurin (5 mol/L cyclosporin A), or Akt-phosphatidyl inositol 3-kinase (100 nmol/L rapamycin) did not significantly affect the basal or PE-induced decrease in KChIP2 mRNA expression (data not shown). On the other hand, direct activation of protein kinase Cs (PKCs) with phorbol ester (100 nmol/L phorbol 12-myristate 13-acetate [PMA]) dramatically decreased KChIP2 mRNA level ( Figure  3A and 3B). This PMA-induced reduction was completely prevented with the inhibitor of PKCs. Moreover, the inactive homologue 4␣-phorbol ester (4␣-PMA) did not affect the auxiliary subunit mRNA level. Thus, activation of PKCs inhibits KChIP2 mRNA expression, whereas the PE-induced decrease in auxiliary subunit mRNA level does not require PKCs.
The MEK-ERK branch of MAP kinase pathway is involved in compensatory hypertrophy. 34 In addition, PKCs are known to phosphorylate and activate MEKs. We also observed robust phosphorylation of ERKs, downstream targets of MEKs, by aortic banding in vivo and PE treatment in vitro (supplemental Figure I) . Activation of PKC modestly increased their phosphorylation. Thus, the observed PMAinduced decrease in KChIP2 mRNA expression might be mediated by activation of the MEK-ERK pathway. To test this possibility, we first used pharmacological inhibition of MEKs. Treatment with U0126 (10 mol/L), a selective inhibitor of MEKs, caused a significant increase in the basal level of KChIP2 mRNA ( Figure 4A and 4B) . This increase was caused by inhibition of MEKs, because the inactive homologue U0124 did not affect auxiliary subunit mRNA level. Furthermore, the MEK inhibitor potently blocked the PMA-induced decrease in KChIP2 mRNA level ( Figure 4A , 4B, and 4D). In contrast, inhibition of MEKs produced only a moderate effect on the PE-induced reduction.
To further examine the involvement of MEKs in KChIP2 mRNA expression, we used adenovirus-mediated overexpression of dominant-negative (K97M, dnMEK) and constitutively active (S218,222E, caMEK) MEK1s ( Figure 4C ). Similarly to the pharmacological inhibition, overexpression of the dominant-negative MEK1 increased the basal KChIP2 mRNA level ( Figure 4C and 4D) . It also caused a substantial reduction in the PMA-induced decrease in KChIP2 mRNA level. Moreover, expression of the constitutively active MEK1 decreased the basal KChIP2 mRNA level. In active MEK1-expression cells, PMA was unable to produce a further decrease in KChIP2 mRNA expression. In contrast, PE was still capable of reducing KChIP2 mRNA level in these cells. Taken together, MEKs control basal KChIP2 mRNA expression and mediate the PKC-regulated decrease in auxiliary subunit message. Inhibition of MEKs may increase the basal KChIP2 mRNA level by eliminating basal activity or spontaneous activation of these enzymes in untreated myocytes. This PKC-MEK-mediated signaling pathway plays less important role in the PE-induced decrease in KChIP2 mRNA expression.
JNKs Mediate PE-Induced Decrease in KChIP2 mRNA Expression
Because the JNK and p38 branches of the MAP kinase cascade are implicated in mediating hypertrophic responses in neonatal myocytes, 35, 36 we also examined whether these kinases might be involved in the PE-induced downregulation of KChIP2 mRNA expression. Inhibition of p38 with 20 mol/L SB20219 did not affect the PE-or PMA-induced decreases in KChIP2 mRNA level (data not shown). On the contrary, inhibition of JNKs with 20 mol/L SP00125 appeared to prevent the PE-induced reduction in auxiliary F, Patch-clamp recording was performed with myocytes treated with 100 mol/L PE or vehicle for 48 hours. Before recording, cells were washed 3 times with bath solution to eliminate potential acute effects by the drug. Currents were elicited by a 400-ms voltage pulse with 10-mV increment between Ϫ40 and ϩ40 mV from holding potential of Ϫ80 mV. G, Peak current density-voltage relationship is shown (nϭ13 for vehicle and nϭ11 for PE). We eliminated the data from cells (Ϸ10%) that exhibited very small outward current (Յ0.1 pA/pF at ϩ40 mV). subunit mRNA expression ( Figure 5A through 5C ). Furthermore, adenovirus-mediated overexpression of a dominantnegative JNK1 (JNK1APF, dnJNK) significantly blocked the PE-induced decrease in KChIP2 mRNA expression ( Figure   5B and 5C). In contrast to the marked prevention of the PE effect, pharmacological or genetic inhibition of JNKs did not influence the PMA-induced downregulation. Finally, we found that aortic banding and PE treatment caused increases in phosphorylation of p55 JNK1 in vivo and in vitro (supplemental Figure I) . Thus, JNKs play a predominant role in mediating the PE-induced downregulation of KChIP2 mRNA expression, whereas these kinases are not required for the PKC-mediated decrease.
Discussion
A reduced Ito density is commonly observed in hypertrophied myocardium. 3, 21 Associated decreases in the pore-forming Kv4.2/4.3 3, 21 and auxiliary KChIP2 12,32 subunits have been seen in some cases. Yet the mechanisms underlying these reductions largely remain unknown. In this article, we have shown that a decrease in KChIP2 is more dramatic than those in the pore-forming subunits using abdominal aortic constriction in vivo and PE treatment in vitro. Current measurement in vitro further demonstrated that a reduction in KChIP2 is correlated with that in Ito density. Furthermore, our experiments revealed that 2 branches of the MAP kinase pathway regulate cardiac KChIP2 mRNA expression. Activation of JNKs is mainly responsible for the PE-induced downregulation, whereas MEKs are involved in controlling the basal level and protein kinase C (PKC)-mediated decrease ( Figure  6 ). Thus, KChIP2 gene expression may be a key event in 
controlling cardiac Ito channel expression under physiological and pathological conditions
We found good correlation of the PE-induced reduction in KChIP2 level to that in Ito density in neonatal myocytes. Our data also showed that KChIP2 is dramatically decreased in vivo by aortic constriction. These findings suggest that the reduced availability of KChIP2 subunits may limit formation of fully assembled functional channels in not only neonatal, but also adult, hypertrophied myocytes. However, the levels of pore-forming and auxiliary subunits differ between neonatal and adult myocytes. For example, cardiac Ito density increases during development in many species. In rats, expression of KChIP2 is increased in the early postnatal period, 37 whereas a gradual increase in Kv4.2 expression is seen during development. 38 We also found that KChIP2 protein level, when normalized to GAPDH immunoreactivity, is approximately double in left ventricle of adult rats compared with that of 1-day-old neonatal animals. Therefore, the contribution of reduced KChIP2 expression to hypertrophyassociated decrease in Ito density may significantly differ between neonatal and adult myocytes. In addition to the developmental changes, there are significant species differences in the expression of Ito-forming subunits. Whereas Kv4.2 is the major pore-forming subunit in cardiac tissues of rodents, larger animals including humans contain a large amount of Kv4.3 but very little Kv4.2. 18, 39 Moreover, the transmural gradient of Ito density across the left ventricular wall is generated by differential expression of Kv4.2 in rodents and KChIP2 in larger animals. 39 -41 These findings suggest that the limited amount of the pore-forming and auxiliary subunits determine the level of functional Ito channel complexes in adult myocytes in rodents and larger animals, respectively. Thus, the impact of hypertrophyassociated reduction in KChIP2 on Ito channel expression may significantly differ in heart regions and animal species.
Stimulation of ␣ 1 -adrenergic receptors with PE and direct activation of PKCs with PMA each resulted in a marked reduction in KChIP2 mRNA level. Although ␣ 1 -adrenergic receptors are known to couple to Gq proteins leading to activation of PKCs, 42, 43 our data indicate that the two stimuli use independent signaling pathways to decrease the expression of auxiliary subunit mRNA (see Figure 6 ). Specifically, inhibition of PKCs or MEKs nearly completely abolished the PMA-induced reduction in KChIP2 mRNA expression but produced less apparent effects on the PE-induced decrease. We also observed that PMA resulted in a relatively moderate increase in the phosphorylation of ERKs, whereas PE led to a marked elevation in their phosphorylation. Therefore, the PKC-MEK-mediated reduction seemed to be suppressed in the context of PE treatment. This apparent reduction in the contribution of the MEK-mediated effect might be attributable to the fact that PE stimulates various signaling molecules, in addition to classical and novel PKCs that are activated by PMA. For example, PE activates various kinases and phosphatases, such as p38, tyrosine kinases, Ca 2ϩ -calmodulin-dependent kinases, calcineurin and Aktphosphatidyl inositol 3-kinase. Therefore, PE-induced activation of any of these enzymes might suppress the MEK- Whereas stimulation of ␣ 1 -adrenergic receptors with phenylephrine (PE) downregulates KChIP2 mRNA expression mainly by activating the former, direct activation of PKCs with PMA uses the latter. Our data also suggest that there are 2 routes of the crosstalk between these 2 pathways. One point of the crosstalk is activation of PKCs, originated from the well-established Gq-coupled receptor-phospholipase C-mediated release of intracellular Ca 2ϩ and diacyl glycerol. The other unidentified signaling mechanism (X) suppresses the MEK-mediated reduction. mediated reduction in KChIP2 mRNA expression. However, we found that inhibitors of these enzymes did not unmask the MEK-mediated effect in the context of PE treatment isolated with the blocker of JNK SP00125 (data not shown). In addition, the adrenergic agonist is known to increase the production of cAMP in neonatal myocytes. Again, inhibitor of protein kinase A or cAMP analogue appeared to produce no effects on the contribution of the MEK-mediated reduction in the context of PE treatment or the PMA-induced decrease in KChIP2 mRNA expression. Other possible mediators of this PE-induced suppression of the MEK-mediated effect are atypical PKCs, such as PKC and PKC/. 44, 45 Whereas a myristoylated pseudosubstrate of PKC did not affect the contribution of the MEK-mediated reduction in the context of PE treatment, we were unable to test the involvement of the latter enzyme because of the lack of available inhibitors. Hence, it remains uncertain at this moment what signaling molecules may mediate the PE-induced suppression of the PKC-MEK-ERK effect on KChIP2 mRNA expression.
MAP kinases play important roles in the development of hypertrophy and other pathological changes of the heart. Three branches of the MAP kinase pathway, each involving MEK-ERK, JNK, or p38, appear to control distinct aspects of cardiac myocyte hypertrophy and apoptosis. 35,36,46 -48 Although activation of JNK and p38 leads to hypertrophy in cultured neonatal myocytes, studies with animal models revealed that these kinases are antihypertrophic. Instead, they may mediate cardiac myocyte apoptosis and other pathological alterations, leading to dilated cardiomyopathy and heart failure. In contrast, the MEK-ERK pathway has been shown to mediate compensatory hypertrophy without pathological features. In this study, we identified JNK and MEK as important regulators of cardiac KChIP2 gene expression. Thus, the 2 signaling pathways may independently contribute to adaptive and maladaptive changes in Ito expression. For example, regulation of cardiac Ito density can act as a biological adaptive response to compensate for required work force. Our data indicate that MEK affects basal KChIP2 mRNA expression. Therefore, the MEK-mediated regulation of KChIP2 mRNA expression may represent adaptive regulation of Ito expression. On the other hand, the JNK-mediated marked reduction by PE may be a part of pathological alterations associated with hypertrophied myocardium. In this regard, it is important to note that a reduction in Ito density is seen in myocytes from failing hearts, regardless of the presence of hypertrophy, including myocytes from dilated cardiomyopathic hearts. 49 Taken together, KChIP2 gene expression may play a pivotal role in the physiological regulation and pathological alterations of the heart.
